Biology provides a suite of optically-active nanomaterials in the form of "light harvesting" protein-chlorophyll complexes, however, these have drawbacks including their limited spectral range. We report the generation of model lipid membranes (proteoliposomes) incorporating the photosynthetic protein Light-Harvesting Complex II (LHCII) and lipid-tethered Texas Red (TR) chromophores that act as a "bio-hybrid" energy transferring nanomaterial. The effective spectral range of the protein is enhanced due to highly efficient energy transfer from the TR chromophores (up to 94%), producing a marked increase in LHCII fluorescence (up to 3x).
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Biological systems are a source of inspiration in solar energy research and nanotechnology, [1] [2] [3] [4] [5] [6] as the early stages of energy absorption and transfer in photosynthesis have an efficiency approaching unity. 7 The membrane proteins which undertake photosynthetic light harvesting (LH) act in a conceptually similar way to a satellite dish, whereby antenna proteins channel energy towards Reaction Centre type proteins which perform photochemistry. 8 LH membrane
proteins have a 3-D polypeptide structure which acts as a scaffold to precisely arrange chromophores at high density in such a manner that energy absorption and transfer are extremely efficient. 9 Light-harvesting complex II (LHCII) 10 acts as the primary antenna protein for plants and is estimated to be the most abundant membrane protein on Earth due to its high density in the membranes of chloroplasts. LHCII has a heterotrimeric structure with each monomer containing fourteen chlorophyll and four carotenoids: 10 this combination of chromophores gives the protein complex a high absorption coverage across the visible spectrum aside from the 'green gap' of minimal absorption between 520-620nm. Several studies have filled this green gap with complementary chromophores which absorb strongly in this spectral region and transfer energy to the protein via Förster Resonance Energy
Transfer (FRET). This was first demonstrated using chromophores which were covalently attached to LH membrane proteins isolated in detergents, including synthetic organic compounds [11] [12] [13] [14] or quantum dots. 15, 16 FRET has also been demonstrated between noncovalently coupled chromophores incorporated into lipid bilayers [17] [18] [19] or polymer micelles. [20] [21] [22] LHCII has previously been integrated into model membranes, e.g., lipid vesicles [23] [24] [25] [26] [27] [28] or lipid nanodiscs, 28, 29 and these have been studied to understand its biophysical properties, but not to enhance its spectral range. Adding the chromophore to the lipid membrane would have several advantages compared to covalent modification of LH proteins: (i) lipids provide a more native environment for membrane proteins than detergent, (ii) membranes readily adsorb to hydrophilic solid supports so would be compatible with surface-based nanotechnologies, (iii) non-covalent systems allow greater flexibility to change the chromophore concentration (or type), (iv) membranes allow the potential to co-assemble other components to make for a modular system (e.g. other photosynthetic proteins or any small amphiphiles).
Solution-based fluorescence spectroscopy is typically used to assess FRET in ensemble measurements. Fluorescence Lifetime Imaging Microscopy (FLIM) has been previously applied to map the fluorescence of LHCII proteins within nanoscale 2-D clusters, 30 micronsized 3-D crystals 31 and proteoliposomes, 25 quantifying its fluorescence quenching (directly related to FRET) with ~300 nm resolution. Here, we present a new proof-of-concept system where LHCII is non-covalently interfaced with additional chromophores in the lipid membrane to enhance its spectral range over the 'green gap'. Samples are characterized with both ensemble spectroscopy and FLIM to provide a detailed quantitative assessment of their composition and FRET properties. Our results demonstrate the modularity, consistency and potential for highly efficient energy transfer of the non-covalent LHCII-chromophore systems.
LHCII protein was extracted from spinach leaves and biochemically purified using the detergent α-DDM, as previously described. 30 Denaturing and native gel electrophoresis indicate a high protein purity and the natural trimeric state (see Figure S1 in the Supporting Information). We chose the small organic chromophore Texas Red (TR) 32 as an ideal candidate for an energy donor to LHCII in membranes because of its complementary spectral properties and its amenability to assembly into lipid bilayers, using a form which is tethered to a DHPE lipid headgroup (TR-DHPE, as purchased). 33 Ensemble absorption and fluorescence spectroscopy was performed on isolated LHCII and TR to quantify the relative optical properties in their isolated state, as a baseline for comparison to the connected system. Our LHCII sample had the expected absorption spectrum with peaks representing chlorophyll (Chl) and carotenoids between 400-500 nm and the Qy bands of Chl b and Chl a at 650 and 675nm, respectively ( Figure 1A , green solid). 30 A single fluorescence emission peak at ~681.5 nm represents emission from lowest energy Chl a indicating the highly-connected chlorophyll network expected within trimeric LHCII ( Figure 1A , green dotted). 30 The absorption of Texas
Red is quite broad with a maximum at 591 nm ( Figure 1A , solid red), fitting well into the 'green gap' of LHCII. The TR fluorescence emission peak at 610 nm has extensive overlap with the LHCII Chl b absorption ( Figure 1A , dotted red), thus the excited state of TR is energetically close to chromophores within the intended acceptor LHCII. Therefore, high efficiency donorto-acceptor FRET would be feasible if they can be arranged into close spatial proximity, as suggested in the schematic in Figure 1B . The chemical structures of TR-DHPE and Chl a are shown in Figure 1C and Figure 1D for comparison.
We designed a procedure to co-reconstitute LHCII and TR-DHPE into membrane vesicles in a modular fashion, i.e., for easy selection of the component concentrations. The protocol is similar to established proteoliposome formation procedures: initially both LHCII and lipids are fully solubilised in α-DDM detergent, followed by gradual detergent removal using porous absorptive beads (Biobeads), 26, 28 The green to red colour scheme represents an increasing TR-to-LHCII ratio. Proteoliposome samples were prepared and then diluted in buffer (20mM HEPES, 40mM NaCl, pH 7.5) before spectroscopy. Raw data is shown for 1/15x diluted samples, with a 3x correction factor applied to 1/45x diluted samples (those denoted by *). Proteoliposomes Series 1 had a measured TR-DHPE range from 1.7 to 21.9µM, with LHCII at 0.52-0.61µM, and 1.0mM total lipids (this equates to 2.1% TR-DHPE relative to total lipid mass, 0-35% LHCII relative to total mass). Proteoliposomes Series 2 had a measured LHCII range from 0.35 to 2.47µM, with TR-DHPE at 8.9-14.9µM, and 1.0 mM total lipids (this equates to 0-4.4% TR-DHPE relative to total lipid mass, 9.7% LHCII relative to total mass).
A well-defined system would be one where additional energy can be channelled to LHCII from extrinsic donors in a controllable manner. To estimate FRET efficiency the fluorescence of the donor chromophore in the combined system (i.e. donor + acceptor) was compared to the donor-only system (i.e. isolated donors). Donor-to-acceptor energy transfer causes a quenching of the donor fluorescence, manifested as decreased emission intensity concomitant with a faster decay of excited state, due to a portion of the donor excitons following this alternative non-radiative transfer pathway. 20 For our samples, the relative TR fluorescence intensity (TR emission per mole TR) was quantified in steady-state fluorescence emission spectra after selective excitation of TR at 540nm. Consideration of proteoliposome show good agreement of the trend and estimate a maximal ETE of ~94% and ~77%, respectively. We expect that the exact maximal ETE is between these two values (different spectroscopic techniques often differ in absolute efficiency values, providing a definitive calculation of ETE will be studied in future work). This trend of ETE is attributed simply to the reduction in average distance between TR and LHCII as LHCII concentration is increased.
The relative LHCII emission was found to increase in proportion to the concentration of TR-DHPE, for all concentrations investigated, see Figure 2D green datapoints. This linear relationship is consistent with a constant TR-to-LHCII energy transfer efficiency irrespective of TR-DHPE concentration. Note that LHCII self-quenching and TR self-quenching was quantified in control samples and taken into account (see legend in Figure 2 ). In conclusion, the proteoliposome system has well-defined donor-to-acceptor energy transfer and TR provides a controllable enhancement of LHCII emission demonstrating the benefit of increased spectral coverage in the 'green gap'. (D) Green labelling: Relative LHCII emission versus TR concentration, calculated from proteoliposome Series 1 (top and right axis). Note, the known phenomenon of self-quenching of LHCII fluorescence, which increases with LHCII content in proteoliposomes, 24, 25, 28 was quantified in control samples omitting TR-DHPE (see Figure S8 in the Supporting Information). This limits the absolute intensity of LHCII emission as compared to detergent-solubilized LHCII. Here, 100% is defined as the baseline intensity of LHCII emission observed for proteoliposomes containing 0.7μM LHCII and 1 mM total lipid because this is the average LHCII content in proteoliposome Series 1. The possibility of self-quenching of TR fluorescence was also considered and found to be minimal at 12µM TR (see Figure S9 in the Supporting Information).
Assessment of proteoliposome functionality when associated with planar surfaces is important for any future applications requiring thin films (e.g. in photo-active devices). Furthermore, microscopy is complementary to ensemble spectroscopy, allowing the identification and analysis of individual proteoliposomes. Fluorescence Lifetime Imaging Microscopy (FLIM) was performed on two representative samples deposited onto glass coverslips in order to investigate population differences in samples with different energy transfer efficiencies: (i) "low-LHCII" proteoliposomes (low ETE) and (ii) "high-LHCII" proteoliposomes (high ETE) with equal concentrations of TR (1.2 µM LHCII + 12 µM TR-DHPE and 2.8 µM LHCII + 12 µM TR-DHPE, respectively). TR and LHCII were selectively excited with 561 nm and 485 nm pulsed interleaved lasers, respectively, and observed in dedicated emission channels simultaneously (see Materials and Methods in the Supporting Information). This allowed visualisation of fluorescence intensity and fluorescent lifetimes for both TR and LHCII within individual proteoliposomes. Hundreds of well-resolved particles in each 25 x 25 µm field of view were observed with apparent correlation in both TR and LHCII channel intensity images ( Figure   3A ). Quantitative analysis of these sample is non-trivial as they are weakly emitting, subject to photo-damage, self-quenching and inter-molecule energy transfer is taking place.
Therefore, the effects of spectral overlap, photo-bleaching, detector noise and potential contaminants were quantified and subtracted from all particles (see Materials and Methods in the Supporting Information). A population analysis of single proteoliposomes was performed by manually selecting particles within images, tabulating the data of fluorescence intensity and lifetimes, and performing statistical analysis. These manual analyses allow the LHCII and TR to be independently identified in individual proteoliposomes revealing the relationship between the two fluorescent components. The fraction of proteoliposomes which contain both TR and LHCII was estimated. At least 83% and 80% of proteoliposomes had significant signal from both TR and LHCII emission channels, for low-LHCII and high-LHCII samples, respectively (n= 200, with 99% confidence relative to background fluorescence, see Table S2 in the Supporting Information). This may underestimate the presence of LHCII, as smaller vesicles or those with a lesser quantity of LHCII may not be detected.
Photo-bleaching experiments were performed using epifluorescence microscopy to provide a visual representation of energy transfer at the microscale, allowing us to assess whether optical functionality is retained when proteoliposomes are at high density on surfaces. A confined region of the sample was exposed to a high intensity of light in order to photo-bleach LHCII. Selective photo-bleaching of LHCII was performed using appropriate filters and the effects observed in subsequent fluorescence images. A very low LHCII fluorescence was observed in the bleach region ( Figure 3B, (i) vs (ii) ), whereas, the TR fluorescence in this region showed an apparent increase ( Figure 3B, (iii) vs (iv) ). We could vary the degree of LHCII photo-bleaching and demonstrate the concomitant TR de-quenching by iteratively opening the aperture in stages ( Figure 3B, numbers 1-4) . This "de-quenching" of TR fluorescence confirms that photo-damaged LHCII is unable to act as an energy acceptor from Texas Red. FLIM was used to analyse the photo-bleaching of proteoliposomes at lower surface densities and higher resolution. Bleaching occurs across the entire image region during continuous FLIM acquisition, but LHCII bleaches much faster than TR, allowing us to distinguish these effects. A decrease in LHCII fluorescence intensity with a concomitant increase in TR intensity is apparent in images of proteoliposomes in Figure 3C and clear when plotting a time-course of the fluorescence intensity, Figure 3D . This FLIM data is a dynamic representation of the same photo-bleaching effects observed in epifluorescence data in ±0.71 ns for 'high-LHCII' and from 1.15 ±0.70 ns to 2.77 ±0.76 ns for 'low-LHCII' (n=100 for both). In summary, the photo-bleaching data from both epifluorescence and FLIM conclusively shows that the vast majority of proteoliposomes contain both LHCII and TR and that energy transfer between them is retained when these membranes are deposited onto a surface. Fluorescence microscopy and photo-bleaching data from proteoliposomes deposited on glass at either low or high surface density, prepared by incubating clean hydrophilic glass coverslips with proteoliposome samples diluted with buffer as required. All microscopy was performed in a buffer of 20mM HEPES, 40mM NaCl (pH 7.5). See Materials and Methods in the Supporting Information for full details of the image acquisition and analysis for all parts. (A) FLIM images of a representative field of view of proteoliposomes at low surface density, panels showing fluorescence intensity recorded in either LHCII channel or TR channel, and a Composite overlay of both images. Strong co-localisation of signals from LHCII and TR leads to a yellow colour. Images shown here are from a proteoliposome sample containing 2.8μM LHCII, 12μM TR, 1 mM total lipid; a gallery of images from both samples assessed by FLIM is shown in Figure S10 in the Supporting Information. (B) Epifluorescence microscopy images of a representative proteoliposome sample (3.5μM LHCII, 12 µM TR, 1 mM total lipid) deposited at high surface density. LHCII channel and TR channel were recorded sequentially using appropriate filter cubes. Bleaching was performed by exposing the sample to a high intensity of LHCII excitation through an aperture that is consecutively opened in 4 steps over 90 s. (C) A time-lapse series of FLIM images of proteoliposomes where LHCII photo-bleaching occurs across the whole image, with minimal TR bleaching in comparison, displaying both fluorescence intensity (brightness) and "fastFLIM lifetime" (colour scale). The "fastFLIM lifetime" is the mean time of photon arrival, a good approximation of the expected fitted lifetime, which allowed high throughput multi-image analysis and circumvents the challenge of fitting decay curves where photon counts are low. (D) Graph showing the total fluorescence intensity of the LHCII and TR channels versus time, for the sequence from (C).
In order to calculate the fluorescence lifetimes on a per-proteoliposome basis, manual analysis was performed by fitting fluorescence decay curves extracted from a region-of-interest defined to represent individual proteoliposomes. Only well-resolved proteoliposomes with sufficient signal to produce a good fit were selected (criteria of counts >500 and fit chi 2 <1.2).
Fluorescence decay curves from five representative proteoliposomes selected from a field in calculated after correction for this bleaching was plotted as a frequency distribution ( Figure   4D ). We find a mean ETE ±S.D. of 71 ±10% and 77 ±8% for "low-LHCII" and "high-LHCII"
proteoliposomes, respectively. This shows that within a population, the ETE varies between individual proteoliposomes. It is interesting to note that a significant fraction of vesicles has an ETE >90% and we speculate that it may be possible to biochemically purify a sub-population of vesicles enriched for high ETE. 23, 36 In summary, the FLIM population distributions confirm that FRET occurs with increasing ETE with increasing LHCII concentration, in agreement with our ensemble spectroscopy data. Importantly, our single-particle FLIM analyses prove that our proteoliposomes are have quantitatively similar FRET on surfaces as in solution in bulk. Our study is one of the few where single-molecule spectroscopy was utilised to quantify distributions of fluorescence lifetime in membrane reconstituted light-harvesting systems 25 beyond traditional ensemble spectroscopy. Observing the heterogeneity in this way could reveal low-frequency events and also guide the optimization of the system if one wishes to maximize any aspect, e.g. transfer efficiency. Table S2 in the Supporting Information). These TR lifetimes are overestimates due to the LHCII bleaching and subsequent de-quenching of TR due to LHCII photo-bleaching during the acquisition period. (D) Frequency distribution histogram of the ETE comparing the proteoliposome sample, calculated as in Figure 2 equation (2) using the data from (C). A correction factor determined from control samples is applied to account for de-quenching of TR (see Table S3 in the Supporting Information).
In conclusion, using a proteoliposome-based system we have significantly enhanced the effective absorption range of LHCII via energy transfer from the spectrally complementary chromophore Texas Red. Specifically, by exploiting the fact that lipids and membrane proteins self-assemble into nano-sized architectures the distance between TR and LHCII is shortened, whereas, when not confined these nanoscale membranes (e.g. when solubilised by detergent) the energy transfer drops to almost zero. Energy transfer between TR and LHCII in proteoliposomes was highly efficient, comparable to systems utilising covalent attachment of chromophores to the protein, [11] [12] [13] [14] and is consistent with theoretical modelling of a system that has a random distribution of chromophores throughout a 2D lipid bilayer undergoing simple donor-to-acceptor FRET. 37 This, together with our single-proteoliposome FLIM data, suggests that our self-assembly protocol creates a well-mixed environment on the nanoscale, addressing the challenge of inconsistent distribution of membrane proteins between proteoliposomes that was previously reported with other similar methods, 23 with the potential that further purification could isolate sub-populations with desirable properties. 36 We demonstrated the modularity of these membranes by controlling the concentration of both LHCII and TR-DHPE as desired across an order of magnitude. Future studies could incorporate a suite of different organic chromophores and/or quantum dots into lipid bilayers to interact with LH proteins to enhance its spectral range even further. Alternatively these membranes have potential to improve our understanding of the photophysical properties of LH proteins, for example, the transient interactions between diffusing chromophores and LH proteins could be assessed using ultrafast spectroscopy. 13, 38 Our group previously demonstrated diblock copolymer assemblies can also be used as a matrix to arrange organic chromophores for high efficiency FRET [20] [21] [22] and may be more robust than lipid bilayers, however, they are not a natural environment for membrane proteins. We speculate that a polymer-lipid hybrid 39, 40 system could be tuned to have the advantages of a more robust polymeric system and protein compatibility of lipids.
Our LHCII/TR proteoliposomes were found to retain their energy transfer efficiency when deposited onto solid supports, providing proof-of-principle that proteoliposomes can be used for surface-based applications. Previous studies have shown that LH proteins attached to glass surfaces in nanoscale array patterns provide directional transfer of energy 41, 42 and LH proteins on nanostructured gold can modulate surface plasmon resonances. 43 Expanding on these ideas to make use of our LHCII/TR proteoliposome methodology, future studies could pattern membranes which include any LH proteins and additional chromophores as desired, 33 for the generation of surface-supported organized nanoscale membranes which have enhanced light-harvesting capability. If our proteoliposomes form well-connected thin films on surfaces (preliminary characterization by atomic force microscopy is underway) they could have future applications as photo-active bio-hybrid materials, for example as coatings to enhance the current generated by photoelectrochemical devices. 44, 45 
